This study investigates major characteristics of summer (June-August) climate variability in Taiwan during the period of 1950-2000 and associated regulating processes imposed by large-scale background variations, including the western North Pacific summer monsoon (WNPSM), the Pacific interdecadal climate change (PICC) related to abrupt climate change in the late 1970s, and the western North Pacific (WNP) tropical cyclone (TC) activity.
Introduction
Taiwan is a subtropical island off the southeastern coast of East Asia. A substantial portion of its water supply comes from summer (June-August) rainfall. This rainfall is primarily induced by the summer monsoon and tropical cyclone (TC) activity over the western North Pacific (WNP). During the past two decades, about 40% of Taiwan's summer rainfall was caused by TC activity, while the remaining 60% of rainfall was induced by summer monsoon and other seasonal rainfall mechanisms (Chen and Fan 2003) .
During the past several decades, both the summer monsoon and TC activity over the WNP underwent evident interannual variability. The interannual variability of the WNP summer monsoon (WNPSM) circulation features a prominent meridional wave train pattern over East Asia and the WNP in association with the variability of the WNP monsoon trough and the Pacific subtropical high (Wang et al. 2001) . The anomalous WNP wave train owes its existence to convection anomalies over the South China Sea-Philippine Sea region (e.g., Wang and Fan 1999; Wang et al. 2001; Lu 2001) . Therefore, tropical convection anomalies could exert their influence on the East-Asian (EA) summer climate via the anomalous meridional wave train. During years with strong convection anomalies in the Philippine Sea, summer rainfall anomalies in China often featured a meridionally stratified pattern, such as dry conditions in northern and southern China and wet conditions in central China, or vice versa (Huang and Wu 1989; Huang and Sun 1992; Liu and Ding 1992) .
Variations in strength and spatial positioning of the WNP monsoon trough and the Pacific subtropical high were regarded as important factors affecting interannual variability in the WNP TC activity (e.g., Frank 1987; McBride 1995; Chia and Ropelewski 2002; Chu 2004) . The WNP monsoon trough displaced eastward in accordance with the intensification and eastward extension of equatorial westerlies over the western Pacific caused by warm El Niñ oSouthern Oscillation (ENSO) conditions (e.g., Lander 1994b) . TC genesis location thus shifted eastward during a warm ENSO event (Chen et al. 1998; Chan 2000; Wang and Chan 2002; Wang and Zhang 2002) . Regarding the TC track, when a TC forms inside an anomalous cyclonic flow close to the climatological monsoon trough, it may follow a straight path toward Asia or recurve northward toward the northwestern Pacific. The former path is concurrent with enhancement of anomalous cyclonic flow due to the appearance of anomalous anticyclone conditions to the north, while the latter path is due to the appearance of anomalous equatorial westerlies and cross-equatorial flows to the south (Harr and Elsberry 1991) . The relationship between circulation and TC activity can be described as that areas with anomalous cyclonic (anticyclonic) flows are generally associated with enhanced (suppressed) TC activity (Lander 1994a; Harr and Elsberry 1995; Chan 2000) .
Over the Pacific, an abrupt climate change occurred during the late 1970s (e.g., Trenberth 1990) , resulting in tropical sea surface temperature (SST) variability featuring moderate warming in the western-central Pacific and strong warming in the eastern Pacific after the late 1970s (e.g., Nitta and Yamada 1989; Tanimoto et al. 1993; Kachi and Nitta 1997; Yasunaka and Hanawa 2003) . We hereafter refer to this climate change as the Pacific interdecadal climate change (PICC). Chang et al. (2000a-b) demonstrated that, on the interdecadal time scale, tropical SST variability associated with the PICC modified EA monsoon rainfall anomalies by regulating the strength and spatial pattern of the Pacific subtropical high.
The above reviews reveal that influences of the WNPSM variability, the PICC, and the WNP TC activity on the EA summer climate are closely related to variability in the WNP monsoon trough and the Pacific subtropical high. Taiwan is adjacent to the northern edge of the WNP monsoon trough, and to the western boundary of the Pacific subtropical high. Thus, Taiwan's summer climate variability should be evidently influenced by large-scale background variations relating to the WNPSM, the PICC, and the WNP TC activity. However, how these influences are accomplished has not been comprehensively studied. The main purposes of this study are twofold: 1) to examine the major characteristics of Taiwan's summer climate variability; 2) to investigate the influences of the WNPSM variability, the PICC, and the WNP TC activity on Taiwan's summer climate variability and associated regulating processes. Results of this study should help in facilitating the development of short-term climate prediction tasks in Taiwan.
The outline of this paper is as follows. Section 2 describes observational data sets used in this study. Section 3 analyzes characteristics of summer climate variability in Taiwan. The different influences associated with the WNPSM variability and the PICC, the WNP TC activity, and the strong El Niñ o event on Taiwan's summer climate variability are discussed in Sections 4, 5, and 6, respectively. Section 7 contains concluding remarks.
Data
Three data sets are employed in this study. The first set includes surface air temperature and rainfall records from 10 major meteorological stations in Taiwan (Fig. 1) . These data are used to analyze the variability characters of Taiwan's summer climate. The second set is the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis data (Kalnay et al. 1996) , which is hereafter referred to as the reanalysis data. We use the reanalysis data to portray the variability characters of large-scale circulation, total cloud cover, and moisture transport for the various types of Taiwan's summer climate variability. The third set is the WNP TC best track data from the Joint Typhoon Warning Center (JTWC). It provides quantitative descriptions for TC activity over the WNP. The analysis period is from 1950 to 2000.
Summer climate variability in Taiwan
To give an overview of Taiwan's summer climate variability, the 1950-2000 time series of summer total rainfalls (P, solid line) and mean temperature (T, dashed line) averaged from the 10 meteorological stations are shown in Fig. 2 . Both the summer P and T time series exhibit noticeable interannual variations, and their variations tend to be opposite in sign with a simultaneous correlation coefficient of À0.56. The fundamental variability types appear as anomalous cold-wet and anomalous warm-dry conditions. To further investigate Taiwan's variability features, we have to take into account the possible influence of the PICC. Chang et al. (2000a-b) showed that the PICC modulated the EA summer rainfall through different regulating processes before and after the late 1970s. We thus follow Chang et al.'s analyses to partition the time series into two interdecadal periods and delineate Taiwan's primary variability features in these two periods. The period 1950-1977 is defined as interdecadal period 1 (IP1) and the period 1978-2000 as interdecadal period 2 (IP2). Taiwan's major variability types in these two periods are categorized with the following criteria:
. . Second, P variability has to exceed 50 mm. A summer with positive (negative) P anomaly is categorized as anomalous wet (dry) type.
. Third, summers satisfying the first two criteria are further divided into two different types according to the pattern of the low-level circulation anomaly overlying Taiwan. This pattern is inferred from the area-mean value of the 850 mb streamfunction (S850) anomaly averaged from the domain 115 -125 E, 17.5 -27.5 N. A summer with positive (negative) S850 anomaly is categorized as anomalous high (low) type.
. Fourth, T and P anomalies in each variability type need to be statistically significant at the 10% level by the t-test.
The categorization concludes six major variability types, three in IP1 and three in IP2 (Table 1 ). These are denoted as IP1(Wd-H), IP1(Cw-H), IP1(Cw-L), IP2(Wd-H), IP2(Wd-L), and IP2(Cw-L), where the notation W represents for anomalous warm, C for anomalous cold, d for anomalous dry, w for anomalous wet, H for anomalous high, and L for anomalous low.
For the six variability types, their composite P and T anomalies in Taiwan are shown in Fig. 3 . Anomaly significant at the 10% level is underlined. In these types, T anomaly with statistical significance appears at 9 or all 10 stations, while P anomaly only at 5 to 8 stations. P anomaly has higher regionality than T anomaly. Anomalous wet condition is significant over the southern half part of Taiwan in the IP1(Cw-H) type, over the western coasts in the IP1(Cw-L) type, and over the northern and southern parts in the IP2(Cw-L) type. Anomalous dry condition is significant over most of the stations in the IP1(Wd-H), IP2(Wd-H), and IP2(Wd-L) types. Regardless of statistical significance, composite anomalies in Fig. 3 tend to exhibit an island-wide pattern. Previous studies have shown that Taiwan's climate variability exhibiting an island-wide pattern is generally in close relation to large-scale background variations (e.g., Chen et al. 2002; Chen and Fan 2003) . It is thus important to investigate the relationship between Taiwan's summer climate variability and large-scale background variations, including the WNPSM variability, the PICC, and the WNP TC activity.
Influences of the WNPSM variability and the PICC
To delineate the influences of the WNPSM variability and the PICC on Taiwan's summer climate variability, composite patterns of summer S850 anomaly associated with Taiwan's six variability types are compared with that associated with the WNPSM variability and the PICC (Fig. 4) . The WNPSM variability is interpreted as the difference between strong and weak WNPSM cases (strong minus weak), as defined by Wang et al.'s (2001) WNPSM index [difference of 850 mb westerlies between a southern region (100 -130 E, 5 -15 N) and a northern region (110 -140 E, 20 -30 N) ]. The PICC is depicted by the difference in the longterm mean between IP1 and IP2 (IP2 minus IP1).
As indicated by the statistical significance test, S850 anomaly associated with the strong WNPSM cases (Fig. 4g ) features a wave train pattern propagating northeastward across the North Pacific, resembling the WNPSM variability pattern constructed by Wang et al. (2001; in their Fig. 10c ). Its dominant feature is an east-west elongated anomalous low across Taiwan, extending from the Bay of Bengal to the western Pacific along 20 N. This feature suggests an intensification of the WNP monsoon trough and a weakening or northward displacement of the Pacific subtropical high during a strong WNPSM. Taiwan lies under and near the center of this circulatory feature and should therefore be closely influenced by strong WNPSM variability. The PICC anomaly (Fig. 4h) shows a spatial pattern different to that of the WNPSM variability. Its statistically significant features include a southwestnortheast oriented anomalous low extending from the eastern Indian Ocean to the WNP and an anomalous high over East Eurasia. However, the reanalysis data over Mongolia and its vicinity before 1970 are not reliable due to an erroneous conversion of observed data in the reanalysis process (Inoue and Matsumoto 2004) . In other words, anomalous patterns over this region depicted by prior-1970 reanalysis data could be spurious. Our analysis regarding the PICC ignores anomalous patterns over East Eurasia and focuses on those over the WNP.
Composite S850 anomalies of Taiwan's six summer climate variability types exhibit spatial features resembling either those of the WNPSM variability or those of the PICC. For IP1(Wd-H), IP1(Cw-L), IP2(Wd-H), and IP2(Cw-L) types, the common features, which are also statistically significant, include an east-west oriented circulation anomaly across Taiwan and an anomalous wave train over the North Pacific. These anomalous features reveal the important influence of the WNPSM variability on these variability types. Taiwan is located near the center of the overlying circulation anomaly where anomalous vertical motion is strong. Rainfall and circulation anomalies also show a dynamically coherent relationship, i.e., anomalous dry vs. anomalous high and (1950 ( -1977 ( ) and IP2 (1978 ( -2000 (IP2 minus IP1). Contour intervals are 5 Â 10 5 m 2 s À1 and negative contours are dotted. Shading indicates areas where S850 anomalies are significant at the 10% level. northeast oriented anomaly over the WNP. In addition, there is no appreciable wave train pattern over the North Pacific. These anomalous features declare the dominance of the PICC in the regulation of these variability types. Their rainfall and circulation anomalies exhibit a dynamically incoherent relationship, i.e., anomalous wet vs. anomalous high and anomalous dry vs. anomalous low. The circulation-related vertical motion anomaly does not seem to be a dominating factor affecting Taiwan's rainfall variability in these types.
The relation of anomalous vertical motion to Taiwan's rainfall variability is specifically examined by analyzing the local Hadley circulation anomaly across Taiwan (averaging from the 117.5 -122.5 E zone) (Fig. 5) . The local Hadley circulation is expressed by a mass flux function c m ¼
v d dp (Newell et al. 1974 ), where p 1 ¼ 100 mb, p 0 ¼ 1000 mb, v d is the meridional divergent wind, and p is the pressure. c m anomalies corresponding to the WNPSM variability and its four related vari-
show a common feature to be the appearance of a strong vertical motion anomaly over Taiwan (in the 22 -25 N band) that is associated with a strong tropical c m anomaly. Anomalous upward (downward) motion corresponds to anomalous wet (dry) conditions. These results suggest that a tropical forcing anomaly acts to affect the WNPSM circulation variability such that it further modulates Taiwan's rainfall variability through its accompanying strong vertical motion anomaly. For the PICC and its related variability types [IP1(Cw-H), IP2(Wd-L)], their c m anomalies are best described by the appearance of a strong vertical motion anomaly south of Taiwan and a relatively weak vertical motion anomaly over Taiwan. For the IP1(Cw-H) [IP2(Wd-L)] type, anomalous weak upward (downward) motion over Taiwan coexists with an overlying anomalous high (low). Apparently, Taiwan's rainfall variability is not regulated by the overlying circulation anomaly via its accompanying vertical motion anomaly. We need to clarify the major regulating mechanism for these two PICC-related variability types.
An important factor for rainfall activity is moisture transport. It can be depicted by vertically-integrated water vapor flux ( V Q ! ¼ 
Vq dp, where p 2 ¼ 300 mb, p 0 ¼ 1000 mb, V V is the horizontal wind vector, q is the specific humidity, and p is the pressure). As indicated by the statistical significance test, V Q ! anomaly in the IP1(Cw-H) type (Fig. 6a) mainly stretches from the tropical western Pacific northward across the South China Sea into East Asia and Taiwan. This path is largely along the southern and western boundaries of the 850 mb anomalous high over the WNP (see Fig. 4c ), indicating that this anomalous moisture transport is mainly driven by outer flows of the WNP anomalous high. Additional moisture is transported from the tropics into the northern South China Sea and Taiwan to enhance cloud activity over that region, as indicated by a strong positive total cloud cover anomaly over the region (Fig. 6c) . The increased moisture due to anomalous southwesterly flows facilitates rainfall activity in Taiwan, particularly over its southern portion (see Fig. 3f ). As such, an anomalous wet summer occurs with the appearance of an overlying low-level anomalous high. For the IP2(Wd-L) type, the major moisture transport by V Q ! anomaly (Fig. 6b) is over the open oceans from east of Japan southwestward to south of Japan, and then turns southward toward the Taiwan region. This anomalous transport stretches along with outer flows of the WNP anomalous low (see Fig. 4d ) and is dry in nature, as indicated by an elongated negative total cloud cover anomaly along its path (Fig. 6d) . Since moist southwesterly flows are weakened by the anomalous northerly flows, rainfall activity is suppressed in Taiwan, especially in the climatologically moisture-rich southern portion (see Fig. 3h ). An anomalous dry summer is thus concurrent with an overlying anomalous low. Major regulatory mechanisms imposed by the WNPSM variability and the PICC on Taiwan's summer climate variability are illustrated by schematic diagrams in Fig. 7 . For the WNPSM-related types (Wd-H, Cw-L), Taiwan lies under and near the center of an eastwest elongated low-level circulation anomaly. A strong upward (downward) motion anomaly over the central region of an anomalous low (high) causes increased (decreased) rainfall and an anomalous wet (dry) summer in Taiwan. Anomalous vertical motion appears as the major mechanism induced by the WNPSM variability to regulate Taiwan's summer climate variability. For the PICC-related types (Wd-L, Cw-H), Taiwan is located over the western boundary of a southwest-northeast oriented low-level circulation anomaly over the WNP. Anomalous southwesterly (northeasterly or northerly) moisture transport driven by outer flows of an anomalous high (low) results in increased (decreased) rainfall and an anomalous wet (dry) summer in Taiwan. Anomalous moisture transport becomes the major mechanism imposed by the PICC modulating Taiwan's summer climate variability.
Influences of the WNP TC activity
In Taiwan, an official TC warning is issued for the coming of tropical storms or typhoons (i.e., maximum sustained wind speed f 17 knots). Thus, TC activity analyzed in this study only includes those associated with tropical storms and typhoons. With typical sizes ranging several hundreds of kilometers, a TC may induce rainfall on Taiwan through its surrounding flows when its center is in a region close to Taiwan within 2.5 degrees of longitude and latitude (117.5 -124.5 E, 19.5 -27.5 N) (Chen and Fan 2003) . A TC appearing in this region often has a greater chance of hitting Taiwan, leading to the issuance of an official TC warning. Moreover, a TC's northward recurving movement over the open ocean north of Taiwan is sometimes accompanied by moist southwesterly flows onto Taiwan, causing persistent and significant rainfalls during the post-TC warning period. For example, the recent tropical storm Mindulle (No. 7, 2004 ) took a northward recurving path across Taiwan and the oceans to its north. It induced 300-600 mm of rainfall over Taiwan's mountain areas during the TC warning period (1-2 July, 2004) and an additional 600-1000 mm of rainfall during the post-TC warning period (3-5 July, 2004), causing serious property losses and casualties in central and southern Taiwan. Conventionally, a TC event in Taiwan includes both the TC warning period and the immediate post-TC warning period if it has noticeable rainfalls. Hence, we define a TC period as the duration from the day of a TC's first appearance in the 117.5 -124.5 E, 19.5 -27.5 N region to the third day after the TC's departure from this region. Rainfall occurring in Taiwan during the TC period is referred to as TC rainfall, while that occurring in the remaining periods is mainly caused by seasonal rainfall mechanisms and referred to as seasonal rainfall. Influence of the WNP TC activity on Taiwan's summer climate variability is evaluated in terms of the variability of TC rainfall.
For TC, seasonal, and total rainfalls, their variations with respect to rainfall amounts and the number of rainy days in Taiwan's six variability types are shown in Table 2 . These anomalous values are averaged from 10 Taiwan stations and most of them are statistically significant at 10% level. For the three anomalous dry types [IP1(Wd-H), IP2(Wd-L), IP2(Wd-H)], their TC rainfall and seasonal rainfall both decrease, indicating a general suppression in rainfall activity. Decrease in TC rainfall is about equal to or much larger than that of seasonal rainfall. Shortage of TC rainfall appears as the major cause for Taiwan's anomalous dry summers. For the three anomalous wet types [IP1(Cw-H), IP1(Cw-L), IP2(Cw-L)], seasonal rainfall increases in all three types, but TC rainfall only increases in one type and decreases in the other two types. Seasonal rainfall makes the major contribution to excessive rainfall in anomalous wet summers. Table 2 also shows that variability of rainfall amounts is in phase with variability in the number of rainy days in all six types. This relationship may be interpreted as seasonal rainfall variability being largely affected by the strength of the seasonal rainfall mechanism, while TC rainfall variability is likely modulated by the frequency of TC passage in the vicinity of Taiwan.
Using the 6-hr records of the JTWC best track data, TC passage frequency is estimated by the count of TC appearance in every 3 Â 3 box throughout the summer season. The spatial pattern of the climatological TC passage frequency (Fig. 8) Ho et al. (2004) . Taiwan is sur- rounded by these two major tracks and experiences relatively intense TC activity in summer.
Composite anomalies of TC passage frequency related to Taiwan's six variability types are shown in Fig. 9 . In the vicinity of Taiwan, TC passage frequency anomaly is positive for the IP2(Cw-L) type and negative for the other five types. The positive (negative) anomaly corresponds to increases (decreases) in TC rainfall and TC-induced rainy days in Table 2 , revealing the important role of the TC passage frequency in regulating Taiwan's TC rainfall. The chance of a TC getting close to Taiwan depends upon two characters: genesis location and movement track. Regarding genesis location, we define the number of TC genesis throughout the summer season as TC genesis frequency and compute this frequency in various sections of the South China Sea-WNP region for Taiwan's six variability types (Table 3) . Gray (1968 Gray ( , 1975 pointed out that TC genesis can be facilitated by three dynamic factors: large value of relative vorticity, sufficient value of planetary vorticity, and weak vertical shear of horizontal winds. Chia and Ropelewski (2002) also noted that vertical wind shear variability is one of the important factors modulating TC genesis location on the interannual time scale. We thus construct composite anomalies for vertical shear of zonal wind [U(200 mb) minus U(850 mb)] (Fig. 10) and use them to rationalize variability in TC genesis frequency. Table 3 shows that TC genesis frequency in the 100
-135 E section decreases in the three types with a low-level anomalous high over the WNP [IP1(Wd-H), IP1(Cw-H), IP2(Wd-H)] and increases in the other three types with an anomalous low [IP1(Cw-L), IP2(Wd-L), IP2(Cw-L)], when compared with the climatological mean. The above relation between TC genesis frequency and the WNP circulation anomaly, however, does not apply to the 135 -165 E section.
For the types with an anomalous high over the WNP, IP1(Wd-H) and IP2(Wd-H) feature a strong and east-west elongated anomalous high across Taiwan (Figs. 4a-b ), which enhances low-level tropical easterlies resulting in statistically significant and positive vertical wind shear anomalies equatorward of 15 N in the 100 -135 E section (Figs. 10a-b) . On the other hand, IP1(Cw-H) is characterized by a relatively weak and southwest-northeast oriented anomalous high, which leads to a weak enhancement in vertical wind shear. In connection with vertical wind shear variability, TC genesis frequency reduces significantly in the 100
-120 E section in IP1(Wd-H) and in the 120
-135 E section in IP2(Wd-H), but insignificantly in the above two sections in IP2(Cw-H) (Table 3 ). Due to a reduction in TC genesis, the subsequent TC activity is weakened in the region inside a low-level anomalous high (e.g., Chen et al. 1998; Chan 2000; Nakazawa 2001 ). As such, TC passage frequency in the vicinity of Taiwan decreases (see Figs. 9a-b-c) , leading to decreased TC rainfall in the three types with an anomalous high over the WNP (see Table 2 ).
For the types with an anomalous low over the WNP, IP2(Wd-L) has a southwest-northeast oriented anomalous low which causes a minor weakening in vertical wind shear (Fig. 10d) and insignificant changes in TC genesis frequency in both the 100
-120 E and 120 -135 E sections (Table 3) . For the IP1(Cw-L) and IP2(Cw-L) types, their east-west elongated anomalous low across Taiwan (Figs. 4e-f ) evidently weakens vertical wind shear over the South China Sea and tropical western Pacific (Figs. 10e-f ) . Increase in TC genesis frequency is statistically significant in the 100 -120 E section in 
IP1(Cw-L) and in the 120
-135 E section in IP2(Cw-L) (Table 3) . For these two types, the cyclonic shear of the anomalous low across Taiwan is mainly strengthened by anomalous equatorial westerlies and cross-equatorial flows from the Southern Hemisphere (see Figs. 4e-f ). Harr and Elsberry (1995) noted that this type of anomalous low tends to steer a TC formed in its southern region on a northward-recurving track. Due to the northward recurving movements, TC passage frequency sees a major increase in the South China Sea in IP1(Cw-L), but in Taiwan and the northwestern Pacific in IP2(Cw-L) (see Figs. 9e-f ) . IP2(Cw-L) is the only type to have both increases in TC passage frequency and TC rainfall in Taiwan.
Our analyses have demonstrated that TC rainfall over Taiwan tends to decrease in company with inactive TC activity over the WNP suppressed by the overlying low-level anomalous high. However, active TC activity enhanced by the WNP low-level anomalous low does not necessarily bring more TC rainfalls into Taiwan. Variability of Taiwan's TC rainfall depends on two TC characters: genesis location and movement track. The former is closely related to variability of vertical wind shear, and the latter is mainly regulated by the low-level circulation anomaly over the WNP. A favorable condition for TC rainfall to increase in Taiwan occurs when more TCs form in a region southeast of Taiwan (120 -135 E) and are later steered by the low-level anomalous low over the WNP to recurve northward toward Taiwan. 
Relation to strong El Niñ o event
It was found by previous studies that variability of the WNPSM and the WNP TC activity had a close connection with El Niñ o events. For example, the WNPSM was weak during the decay of an El Niñ o event (Wang et al. 2001) . TC genesis tends to decrease (increase) in the northwest (southeast) quadrant of the WNP during an El Niñ o year (e.g., Chen et al. 1998; Wang and Chan 2002) and TC movement tracks were evidently regulated by the El Niñ oinduced low-level circulation anomalies (e.g., Chan 2000; Wang and Zhang 2002) . The above findings imply that an El Niñ o event is likely to influence Taiwan's summer climate variability through variability of the WNPSM and the WNP TC activity. To verify this implication, we analyze composite anomalies of four summers (1983, 1987, 1992, 1998) for various fields (Fig.  11) . These summers are in the decay of a strong El Niñ o event occurring in IP2. As indicated by the statistical significance test, the composite S850 anomaly (Fig. 11a) features an east-west elongated anomalous high across the WNP, implicating the occurrence of a weak WNPSM. This anomalous high suppresses the WNP TC activity and to a large extent steers TCs westward across the oceans south of Taiwan toward the South China Sea, resulting in a reduction in TC passage frequency in the vicinity of Taiwan (Fig. 11b ). As such, TC rainfall is generally decreased over the entire island (Fig. 11c) . Taiwan is located near the northwestern edge, rather than the center, of the WNP anomalous high. Anomalous flows over the western side of this anomalous high may transport moisture from the South China Sea into Taiwan, leading to minor increases in seasonal rainfall over the western coasts of Taiwan (Fig. 11d) . Overall, the pronounced decrease in TC rainfall dominates the minor increase in seasonal rainfall, resulting in a deficiency in total rainfall (Fig.  11e) . Consequently, a significant anomalous dry summer occurs over northern and eastern Taiwan during the decay of a strong El Niñ o event.
Concluding remarks
Due to rigorous oceanic and atmospheric variations in the Asian-Pacific region, Taiwan's summer (June-August) climate variability has been so influenced by large-scale background variations to exhibit complicated features. An attempt is made in this study to examine the major characteristics of Taiwan's summer climate variability and associated regulating processes imposed by large-scale background variations. The background variations include the western North Pacific summer monsoon (WNPSM) variability, the Pacific interdecadal climate change (PICC) related to the late-1970s abrupt climate change, and the western North Pacific (WNP) tropical cyclone (TC) activity.
During the period 1950 to 2000, Taiwan's summer rainfall and temperature anomalies tend to vary in opposite phase. The fundamental variability types appear as anomalous coldwet and anomalous warm-dry conditions. Being aware of the occurrence of the PICC, we partition the time series into two interdecadal periods: 1950-1977 as interdecadal period 1 (IP1) and 1978-2000 as interdecadal period 2 (IP2). Based upon characters of rainfall and temperature anomalies in Taiwan and the anomalous 850 mb circulation pattern overlying Taiwan, we categorize Taiwan's summer climate variability into six major types in IP1 and IP2. They are denoted as IP1(Wd-H), IP1(Cw-H), IP1(Cw-L), IP2(Wd-H), IP2(Wd-L), and IP2(Cw-L), where W represents anomalous warm, C For the IP1(Wd-H), IP1(Cw-L), IP2(Wd-H), and IP2(Cw-L) types, their composite 850 mb circulation anomalies feature an east-west elongated anomaly across Taiwan and an anomalous wave train over the North Pacific, resembling the salient features of the WNPSM variability. Taiwan is located near the center of the overlying circulation anomaly. The anomalous low (high) enhances (suppresses) Taiwan's rainfall activity via a strong upward (downward) motion anomaly over its central region.
Anomalous vertical motion appears as the dominant mechanism imposed by the WNPSM variability regulating Taiwan's rainfall variability in these four types. Their circulation and rainfall anomalies exhibit a dynamically coherent relation, i.e., anomalous low vs. anomalous wet and anomalous high vs. anomalous dry. For the IP1(Cw-H) and IP2(Wd-L) types, their composite 850 mb circulation anomalies show a common feature being a southwestnortheast oriented anomaly over the WNP. No appreciable wave train pattern appears over the North Pacific. These anomalous features resemble the salient patterns of the PICC. Taiwan is located on the western edge of the WNP circulation anomaly where anomalous vertical motion is too weak to modulate Taiwan's rainfall variability. Instead, outer flows of the anomalous high (low) over the WNP intensify (weaken) moisture transport from the South China Sea into Taiwan to cause increased (decreased) rainfall in Taiwan. Anomalous moisture transport becomes the major mechanism imposed by the PICC to regulate Taiwan's rainfall variability in these two types. Their circulation and rainfall anomalies show a dynamically incoherent relation, i.e., anomalous high vs. anomalous wet and anomalous low vs. anomalous dry. Rainfall in Taiwan caused by TC passage is referred to as TC rainfall and the rest of the rainfall is referred to as seasonal rainfall. For Taiwan's six variability types, shortage of TC rainfall is the primary cause of an anomalous dry summer, but increase in seasonal rainfall is the main cause for anomalous wet summers. The presence of a low-level anomalous high over the WNP acts to enhance vertical wind shear to suppress TC genesis in this region, and hence, the subsequent TC activity. TC passage frequency in the vicinity of Taiwan thus decreases, leading to a reduction in TC rainfall. On the other hand, the active WNP TC activity caused by the presence of a low-level anomalous low over the WNP does not guarantee an increase in TC rainfall. A favorable condition for TC rainfall to increase in Taiwan is to have more TCs forming in a region southeast of and later for these TCs to be steered by the WNP anomalous low to recurve northward toward Taiwan.
Based upon our analysis results, variability features of Taiwan's summer rainfall may be summarized according to four types of spatial relations between Taiwan and the low-level circulation anomaly over the WNP. First, when Taiwan is located near the center of an anomalous high, anomalous strong downward motion and suppressed TC activity result in decreases in seasonal and TC rainfalls and an anomalous dry summer. Second, when Taiwan is located near the center of an anomalous low, anomalous strong upward motion induces more seasonal rainfall, but TC rainfall tends to increase (decrease) if more TCs form in the region southeast (southwest) of Taiwan. Third, when Taiwan is located on the western edge of an anomalous high, TC rainfall decreases due to suppressed TC activity, but seasonal rainfall increases due to the enhanced moisture transport from the South China Sea into Taiwan driven by outer flows of the anomalous high. Fourth, when Taiwan is located on the western edge of an anomalous low, seasonal rainfall is reduced because moisture transport from the South China Sea into Taiwan is weakened by outer flows of the anomalous low.
This study concludes three major regulating mechanisms for Taiwan's summer climate variability: anomalous vertical motion associated with the WNPSM variability, anomalous moisture transport associated with the PICC, and TC activity regulated by the low-level circulation anomaly over the WNP.
